Introduction
Major advances in the treatment of type 1 diabetes mellitus (T1D) children and adolescents have occurred during the last few years. Severe forms of growth and pubertal delay are now rare, but some degrees of delay in growth and pubertal development may still be observed [1, 2] . During the last decade, the proportion of children with T1D receiving multiple daily insulin injections, which has led to higher insulin daily doses, has increased dramatically [3] . Although the benefits of intensive treatment have been conclusively demonstrated, the hyperinsulinemia associated with this type of treatment may lead to increased body weight and more frequent episodes of hypoglycemia. It is conceivable that intensive insulin treatment may have potential deleterious effects on other organ systems such as the pituitary-gonadal axis.
Manifestations of T1D on the reproductive system, particularly in women, have suffered dramatic changes during the last few years. Several decades ago, women with T1D frequently exhibited hypogonadism associated with poor metabolic control [4] . Subsequently, as medical treatment of T1D improved, abnormalities of the reproductive system became less frequent, but ovarian manifestations of excessive insulin therapy became more com-mon [5, 6] . Thus, a wide range of reproductive abnormalities, associated with either insulin deficiency or excess, may be observed in women with T1D.
The purpose of this review is to provide an update on pubertal development and ovarian function in girls with T1D, based upon our own studies and a review of the literature.
Hypothalamic and Pituitary Function in Women with T1D
Women with T1D may show amenorrhea and other menstrual disturbances [7] . Studies evaluating T1D women with amenorrhea have found low basal and stimulated gonadotropin levels [8] , as observed in hypothalamic amenorrhea [9] . This condition has been explained by the poor metabolic control observed in some of these patients [10] . In addition, increased catecholamine and dopamine levels observed in patients with uncontrolled T1D may also inhibit luteinizing hormone (LH) secretion [10, 11] .
Studies in mice with streptozotocin-induced diabetes have shown that these animals develop a hypogonadal state with decreased LH/follicle-stimulating hormone (FSH) and estradiol levels, which are reversed, at least in part, after insulin administration [12] . Adashi et al. [13] showed that insulin has a potent effect on the secretion of LH and FSH from rat pituitary cells, independent of ambient glucose levels. These findings were subsequently confirmed in knockout mice for the brain insulin receptor who also develop hypogonadotrophic hypogonadism [14] .
The mechanism for the decreased gonadotropin levels observed in insulin deficient animals is related to the hypothalamic secretion of GnRH. Knockout mice for the brain insulin receptor respond to exogenous GnRH by increasing LH levels. These data suggest that under insulin deficiency, higher centers of the central nervous system decrease their GnRH stimuli over the pituitary [14] .
Ovarian Function in T1D ( fig. 1 ) In contrast to the hypogonadism observed in T1D women with inadequate metabolic control, hyperandrogenism may be observed in some women with T1D, which may be related to the action of exogenous insulin on the ovary. Insulin receptors are present in all the compartments of the ovary, including theca, granulosa and stromal cells [15, 16] , but insulin may also bind IGF-1 receptors in the ovary. The insulin receptor of the ovary activates both the tyrosine kinase and the inositol pathways, but the main effects of insulin on the ovary are through the latter signaling pathway [15, 16] . 
Effects of Insulin on Theca Cells
In vitro studies of theca cells obtained from healthy women have shown that insulin stimulates steroidogenesis [15, 16] . This response, however, is greatly enhanced when the cells are simultaneously exposed to LH and insulin, leading to the concept that insulin may act as a co-gonadotropin [15] . Insulin stimulates steroid secretion by the theca, increasing the activity of several steroidogenic enzymes (CYP17, p450scc, 3 ␤ HSD) [16] , which may lead to the hyperandrogenism observed in some T1D women [5] .
The steroidogenic ovarian response to insulin may vary from one woman to another. In women with polycystic ovarian syndrome (PCOS), a greater ovarian sensitivity to insulin has been described, and some of these patients may exhibit ovarian hyperandrogenism even with normal insulin levels [17] . This susceptibility to hyperandrogenism has been explained by an altered ovarian steroidogenic response to insulin [17] . These data suggest that some women with T1D may be more predisposed to respond abnormally to exogenous insulin [17] .
Effects of Insulin on Granulosa Cells
Insulin receptors are also expressed in granulosa cells, where they play a role in potentiating FSH-stimulated steroid secretion, as shown by increased estrogen secretion by granulosa cells exposed simultaneously to insulin and FSH [18] . In addition, the gonadotropic effect of insulin on folliculogenesis enhances the recruitment and growth of pre-ovulatory follicles [16] , decreases the apoptosis and atresia of ovarian follicles [19] , and stimulates the passage from primordial to primary follicles [20] .
In adult patients with T1D, we have observed an increased ovarian volume and follicle number, which may be explained by the effects of insulin on folliculogenesis [5] . In addition, we recently studied anti-Müllerian hormone serum levels in T1D women with PCOS. This hormone, which represents a marker for the number of small preantral follicles, was not elevated in these women. Therefore, it is more likely that insulin may act as a cogonadotropin enhancing the maturation of large follicles [21] , which is quite different from what is observed in other forms of PCOS.
In addition, several studies have investigated the effects of hyperglycemia on ovarian tissue from rats with diabetes induced by streptozotocin. These animals have smaller ovarian preovulatory follicles, delayed oocyte maturation with increased apoptosis and abnormal communication between somatic cells and gametes [22] . Colton et al. have also shown that hyperglycemia per se may also affect folliculogenesis in diabetic rats [23] .
Exogenous Insulin Therapy
Under physiologic conditions the pancreas secretes insulin into the portal circulation, and the liver is the organ exposed to the highest insulin concentrations. Thus, the liver has a central role in the regulation of carbohydrate metabolism, inhibiting neoglucogenesis and ketogenesis during the fasting state. This first pass through the liver eliminates 50-70% of the insulin secreted by the pancreas [24] . In patients with T1D, insulin is administered to the subcutaneous tissue, omitting this hepatic first-pass step and leading to higher systemic insulin levels, which may be detrimental to other organs such as the ovary.
Insulin Resistance
Insulin resistance, which is classically associated with type 2 diabetes, is also present in T1D due to glucose toxicity, a phenomenon where hyperglycemia leads to peripheral insulin resistance. It should be noted that T1D girls exhibit greater insulin resistance than boys during puberty [25] , which may lead to ovarian hyperandrogenism [6] . Poretsky et al. [26] showed that the coexistence of hyperinsulinemia and insulin resistance, as observed in T1D girls, leads more frequently to polycystic ovaries than when either phenomenon is present alone.
In summary, several factors may be involved in altering the ovarian function in girls with T1D. Insulin deficiency may lead to lower gonadotropin levels due to decreased GnRH secretion. In addition, hyperglycemia may affect the ovary both directly and through the induction of insulin resistance caused by glucose toxicity. Finally, higher insulin serum levels may lead to overstimulation of the insulin and IGF-1 receptors in the ovary, increasing steroid secretion and fostering the development of PCOS.
Pubertal Development and Ovarian Function in Girls with T1D
Onset of Puberty Severe pubertal delay caused by poorly controlled T1D is rarely seen now. However, the timing of pubertal development in T1D girls is still the subject of some debate. As shown in table 1 , four studies performed in the 1980s and 1990s reported no difference in the age of thelarche in girls with T1D and healthy controls. Several factors known to affect the timing of puberty, however, were not considered in these studies. For example, the number of girls studied was small [27, 28] , and/or the results were compared to historical controls [27] [28] [29] or to controls from other countries [27, 29] .
In view of the limitations in the available literature, we studied a large group of T1D girls and a concomitant control group, carefully matched both by ethnicity and socio-economic status [2] . We evaluated 100 T1D and 576 healthy girls in a cross-sectional study, and observed a similar age of onset of thelarche in both groups, which occurred one and a half years earlier than historical controls. We conclude that both groups were following the secular trend towards an earlier onset of puberty, which is similar to the tendency for an earlier thelarche described in the USA [30] .
Recently, Rohrer et al. [1] published a large longitudinal study of 2,578 girls from 200 German centers who were participating in a quality control study for diabetes patients. The T1D subjects were treated with 1-7 daily injections and the control group was derived from a large cross-sectional study evaluating pubertal development in 8,689 healthy girls in the mid-1980s. Rohrer et al. [1] observed that T1D girls develop thelarche 6 months later than control girls, although the reported age is within the normal range for both groups. The fact that the T1D and control groups were not recruited simultaneously does not limit the conclusions of this study, since the trend for an earlier onset of puberty in healthy girls would increase the difference between both groups. The authors performed a logistic regression analysis and reported that a higher BMI and a lower HbA1c, but not the number of insulin daily doses, were associated with an earlier onset of puberty.
In conclusion, most series have shown that the age of onset of puberty in girls with T1D is within the normal range, and probably follows the secular trend for advancement observed in the general population. A mild delay may still be observed in some patients with T1D, which may be associated with poor metabolic control.
Menarche and Final Stages of Pubertal Development ( tables 2 , 3 )
Very few studies have focused on the final stages of breast and pubic hair development in girls with T1D ( ta- ble 2 ). In our study, we observed that T1D girls exhibit a delay in the attainment of breast Tanner stages 3 and 4 [2] . The German study documented a delay of 4 months for Tanner stage 3 only [1, 2] , and pubic hair Tanner stages 3 and 4 were delayed in T1D girls from both studies. In contrast to the few studies evaluating the final stages of development, several publications have reported the effect of T1D on the age of menarche. Table 3 summarizes the findings from several studies, which indicate some delay in the age of menarche in girls with T1D, ranging from 2 to 3 months in Wisconsin, USA [31] , Rome [32] , and Germany [1] , 6-9 months in Chile [2] , Messina, Italy [33] , and Pittsburgh, Pa., USA [7] , and 2 years in Sudan [34] . In addition, the presence of a delayed menarche has been associated with subsequent irregular menses and other gynecological disturbances in T1D women [31, [35] [36] [37] .
Recently, two Italian series have shown that in spite of intensive insulin therapy, a delay in the age of menarche is still observed in their country. Picardi et al. [32] studied 162 girls who were intensively treated since diagnosis with an average HbA1c of 7.2%, and observed a three-month delay in menarche. Lombardo et al [33] . studied a group of 73 girls who were intensively treated and observed a 1-year delay in the age of menarche compared to the patients' mothers, and 7 months compared to healthy girls.
The main factors which have been associated with a delay in the age of menarche have been poor metabolic control [1, 31] , lower BMI [1, 2, 31] , prepubertal onset of diabetes [7, 35, 36] and a longer duration of T1D [1, 31] ( table 3 ) . Danielson et al. [31] showed that for each percent point increase in glycated hemoglobin, a delay of 1.3 months is observed in the age of menarche, which was later confirmed in the German study [1] . However, Picardi et al. [32] who studied intensively treated girls with an optimal metabolic control, did not find a similar relationship, suggesting that several other factors may be involved in the delay of menarche in girls with T1D. For example, lower insulin doses may be associated with delayed menarche, possibly due to the effects of insulin on the central nervous system [1] .
We should also point out that BMI has been identified as an important factor related to the age of menarche in girls with T1D. A higher BMI is associated with an earlier onset of puberty and age of menarche, similar to that observed in healthy girls [30] . The possible mechanisms underlying the relationship of higher BMI and earlier pubertal onset have been reviewed [38] . Similarly, ethnic origin may also affect the age of menarche, as observed in the general population. In the study of Danielson et al. [31] , black girls with T1D had their menarche one year earlier than white girls with T1D.
Menstrual Irregularities
The final stage in the maturation of the gonadal axis is the attainment of regular ovulatory cycles. Adult T1D women have a significantly increased frequency of menstrual disorders, compared to the healthy population, with approximately one fourth developing menstrual irregularities [5, 7, 35, 39] . The presence of irregular menstrual cycles has been shown to increase the risk of coronary artery disease in women with T1D [39] . Menstrual irregularities are even more frequently observed in adolescents with T1D [7] . Adcock et al. [40] prospectively studied 24 adolescents and observed that 54% showed menstrual irregularities, associated with a poorer metabolic control and higher BMI. Menstrual disorders during adolescence rise dramatically in girls with T1D when HbA1c levels increase above 10%.
The presence of menstrual irregularities suggests that anovulatory cycles are frequently present in T1D adolescents. Recently, we followed a group of T1D girls during the first 3 years after menarche, evaluating the presence of ovulation through salivary progesterone [41] . We observed a similar frequency of anovulatory cycles during the first year after menarche in T1D and healthy girls. However, during the second year, control girls experience a higher frequency of ovulatory cycles than T1D girls, suggesting that anovulatory cycles may cause the menstrual abnormalities.
Several reasons may explain the high frequency of menstrual disorders in adolescents with T1D, such as a relative decrease in LH pulsatility [42] , a delay in the appearance of the positive estrogen feedback loop on the hypothalamic-pituitary axis, and the development of hyperandrogenism [43, 44] . However, several other factors such as eating disorders and depression [45] , substance abuse [46] , insulin omission [45] , and/or weight gain, which are frequently observed during adolescence, may be related to inadequate metabolic control.
Hyperandrogenism
Although hyperandrogenism has been classically associated with T2D, increasing evidence shows that T1D women may also exhibit this abnormality [6] . In 1985, Djursing et al. [8] described that adult women with T1D who did not have amenorrhea, had higher androgen levels, suggesting an ovarian origin of their hyperandrogenism. Subsequently, a prevalence of 40% of clinical or biochemical hyperandrogenism was shown by EscobarMorreale et al. [47] and by our group in Chile [5] . Both groups reported a prevalence of PCOS, according to the NIH criteria, of 19 and 12%, respectively. According to the new Rotterdam Criteria, the prevalence rose to 54%, and with the criteria of the Androgen Excess Society, the prevalence was 31% [5, 6, 47] . An association of hyperandrogenism with intensive insulin treatment, but not total daily insulin dose, and with premenarcheal onset of DM, has been described by both groups [5, 47] .
Adult women with T1D and PCOS exhibit a milder form of hyperandrogenism compared to nondiabetic PCOS women. The classic PCOS phenotype, oligomenorrhea and hyperandrogenism, is less frequent in diabetic PCOS compared to nondiabetic PCOS women [21] . There is a high frequency of laboratory hyperandrogenism and ultrasonographic diagnosis of polycystic ovaries in T1D women [5] , which may be underdiagnosed if only a clinical evaluation is performed. In addition, hirsutism is milder [21, 48] , explained in part by the protection conferred by the normal sex-hormone-binding globulin (SHBG) levels observed in T1D women.
The hormonal profile of T1D patients presenting with PCOS is somewhat different from that observed in nondiabetic hyperandrogenic women. In the former, although both serum testosterone and androstenedione levels are increased [5, 21, 48] , serum SHBG, gonadotropin, estradiol, anti-Müllerian hormone and DHEAS concentrations are within the normal range. In addition, a high frequency of polycystic ovaries on ultrasonographic studies is observed in adult women and adolescents with T1D [5, 37] , but the number of follicles and ovarian volume is intermediate between healthy controls and nondiabetic PCOS women [21] .
Adolescent girls with T1D exhibit even milder signs of hyperandrogenism than adults, suggesting that the clinical and laboratory findings evolve during the second decade of life [5, 6] . T1D adolescents show a higher hirsutism score than healthy girls [43] . We studied pubertal Tanner stages 2-5 in T1D girls and observed that 10% of these girls, but no controls, exhibited a Ferriman-Gallwey score in the 5-8 range, suggesting a mild increase in the presence of body hair.
Higher total and free testosterone levels have been observed by the end of puberty in T1D girls [44] , which have been associated with a higher risk of developing microalbuminuria [49] or retinopathy [50] . An ovarian source of this hyperandrogenism has been documented both in adults and pubertal girls [43, 48] . We evaluated ovarian function in 56 pubertal T1D and 64 control girls, matched for Tanner stage, BMI and age with the leuprolide test, which helps to determine the source of the hyperandrogenism ( fig. 2 ) . We observed higher stimulated testosterone and 17OH-progesterone levels by the end of puberty, which suggest the development of ovarian hyperandrogenism at this stage of puberty. A similar conclusion was observed by Virdis et al. [51] . However, even though the ovary is the main source of androgens in women with T1D, higher adrenal androgens may also be present [48, 52] . In addition, adolescent T1D girls, similar to adults, also exhibit a high rate of polycystic ovarian morphology [37] and larger ovarian volumes [43] , which have been explained by the stimulatory effect of insulin on ovarian tissue.
Final Remarks and Conclusions
Adolescence is a critical period and many of the problems faced by patients with diabetes are of a greater magnitude in females than in males. The explanation for this gender difference is not clear, but may be related to psychological factors and to interactions between estrogen + C girls showed different estradiol levels at all T, p ! 0.01 (ANOVA), * T1D T4 vs. C T4, p ! 0.05 (Mann-Whitney U test). To convert units to SI: testosterone (ng/dl) ! 0.0347 = nmol/l, androstenedione (ng/ml) ! 3.49 = nmol/l, DHEAS (ng/ml) ! 0.0027 = nmol/l, estradiol (pg/ml) ! 3.67 = pmol/l, 17OH-progesterone (ng/ml) ! 3.03 = nmol/l. Copied with permission from Codner et al. [43] . levels, insulin therapy, and the growth hormone-IGF axis [53] . In addition, metabolic control deteriorates to a greater extent in girls than in boys during puberty [54] , associated with a higher prevalence of microvascular complications [55] and larger weight gain, in particular during late puberty ( fig. 3 ) . Gender-specific abnormalities of hormones secreted by adipose tissue, such as leptin and adiponectin, may be involved in the metabolic problems observed in T1D girls during puberty [56, 57] . Higher leptin levels, secondary to some degree of resistance to this hormone [56] , and decreasing adiponectin levels have been described during puberty in T1D girls ( fig. 4 ) .
In conclusion, girls with T1D may show abnormalities in their pubertal development and gonadal function during the second decade of life. During the last few years, the reproductive manifestations observed in girls with T1D have evolved from signs caused by insulin deficiency to those caused by insulin excess. Current insulin treatment modalities are still associated with pubertal delay and menstrual disturbances. In addition, some of these girls may develop hyperandrogenism, which may evolve towards PCOS in adulthood. We hope that future treatment modalities will address some of the current problems observed in pubertal T1D girls, by attempting to deliver insulin in a more physiologic fashion and achieving a better balance between insulin deficiency and insulin excess in these patients.
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